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Soluble CD93 in allergic asthma
Hye Jung park  1, Eun-Yi oh2, Hee-Jae Han2, Kyung Hee park2,3, Kyoung-Yong Jeong  2, 
Jung-Won park  2,3 & Jae-Hyun Lee2,3*
CD93 has been shown critical roles in inflammatory and immune diseases. However, in allergic 
asthma, the potential roles of soluble CD93 (sCD93) have not been well studied. We conducted house 
dust mite (HDM) stimulation with Der p 1 in BEAS-2B and U937 cells, followed by treatment with 
dexamethasone or small interfering RNA against CD93. A HDM-induced murine allergic asthma model 
was also established. We estimated the power of sCD93 to predict allergic asthma in a retrospective 
post-hoc analysis containing 96 human samples. HDM-stimulated BEAS-2B cells showed increased 
mRNA expression levels of IL-6, IL-8, IL-33, TSLP, and CD93. The CD93 level in culture supernatants 
steadily increased for 24 h after allergen stimulation, which was significantly suppressed by both 
dexamethasone and CD93 silencing. CD93 silencing increased IL-6 and TSLP, but not IL-33 levels in 
culture supernatants. HDM-induced asthma mice showed significant airway hyperresponsiveness 
and inflammation with Th2 cytokine activation, along with decreased CD93 expression in bronchial 
epithelial cells and lung homogenates but increased serum CD93 levels. The sCD93 level in asthma 
patients was significantly higher than that in healthy controls and could predict asthma diagnosis with 
moderate sensitivity (71.4%) and specificity (82.4%) (AUC = 0.787, P < 0.001). The level of sCD93 which 
has potential role to predict asthma significantly increased after HDM stimulation via IL-6 and TSLP in 
vitro and in vivo.
Asthma is a chronic inflammatory airway disease that is typically diagnosed based on a pulmonary function test 
with a bronchodilator and a bronchial provocation test1. However, these tests require the effort and cooperation of 
the patient, which is often impossible owing to old age, deafness, misunderstanding, severe dyspnea, paroxysmal 
cough, and risk of an asthma attack2. Therefore, there is a clinical need to identify a serum biomarker that can act 
as a non-invasive method of diagnosis for asthma patients; although several biomarkers have been suggested, they 
are not widely used in clinical settings owing to limited evidence3,4.
CD93 (C1qRp) is a transmembrane glycoprotein that is expressed on various cell types, including endothe-
lial cells, epithelial cells, stem cells, platelets, and leukocytes5,6. CD93 can be shed in a soluble form (sCD93) 
in response to inflammatory mediators, can be easily measured, and is considered to be associated with vari-
ous inflammatory and immune associated diseases, including asthma7,8. In addition, CD93 has angiogenic and 
growth-stimulating effects9–11. Raedler et al.12 showed that CD93 gene expression was significantly higher in 
non-allergic asthma patients than healthy controls, and Sigari et al.13 demonstrated that the serum CD93 level 
increased under asthma exacerbation and decreased following proper treatment. We also previously reported 
the potential of sCD93 as a novel biomarker for asthma using an ovalbumin-induced asthma murine model and 
human patients14,15. However, the changes of sCD93 after allergic stimulation have not been assessed in vitro, and 
the potential of sCD93 as a biomarker to help in asthma diagnosis remains unknown.
Toward this end, the aim of this study was to assess the roles of sCD93 in allergic inflammation using in vitro 
and in vivo analysis with cell and murine models induced using house dust mite (HDM) extract. We further 
assessed the usability of sCD93 for asthma diagnosis by a retrospective post-hoc analysis of the CD93 levels14. 
Since the serum sCD93 level can be easily obtained and interpreted objectively, clarifying the potential role of 
serum CD93 in asthma patients would provide a valuable tool for clinical diagnosis and management.
Methods
Cell culture. Two cell lines, BEAS-2B derived from human bronchial epithelial cells (American Type Culture 
Collection, Rockville, MD, USA) and U937 derived from human histiocytic lymphoma cells (Korean cell line 
bank, Seoul, Korea) were cultured according to the manufacturer’s instructions until reaching 90% confluence 
in 6 wells in the incubator. BEAS-2B cells were cultured in BEGM® (Lonza, Clonetics®, Basel, Switzerland) and 
U937 cells were cultured in RPMI (Gibco Laboratories, Grand Island, NY, USA) with 10% fetal bovine serum 
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(Hyclone Laboratories, Logan, UT, USA). The experiment was performed triplicate. The U937 cells were used 
because they are easily stimulated by HDM16.
Allergen stimulation. The cells were treated with HDM extract of group I major allergen (Der p 1) at var-
ious concentrations (0, 0.01, 0.1, 1.0 μg/mL) and times (0, 1, 2, 4, 24 h). HDM (Dermatophagoides pteronyssinus, 
Institute of Allergy, Yonsei University, Seoul, Korea) were cultured in an insect rearing facility, and extracted as 
previously described17,18. The HDM were then pulverized, defatted, and extracted at 4 °C overnight. The extracts 
of HDM were centrifuged, and the supernatants were filtered, and finally used for cell stimulation.
CD93 small interfering RNA (siRNA) and dexamethasone treatment. The cells were transiently 
transfected with siRNA targeting CD93 (sequence: GUA GAU AAU GCC CUU CUA U; Bioneer, Daejeon, 
Korea) to knock down CD93 expression. In brief, the 90% confluent cells were seeded and diluted with 
Lipofectamine®2000 (Invitrogen, CA, USA) reagent in Opi-MEN® medium (Invitrogen, CA, USA), supple-
mented with DNA and DNA-reagent complex according to the manufacturer instructions. In addition, the cells 
were treated with 1 μM of dexamethasone (9α-fluoro-16α-methylprednisolone; Sigma−Aldrich, St. Louis, MO, 
USA) to reduce allergic inflammation based on the previous study19.
Polymerase chain reaction (PCR) and cytokine analysis. The mRNA expression of the cytokines inter-
leukin (IL)-6, IL-8, IL-33, thymic stromal lymphopoietin (TSLP), and CD93 was assessed using a real-time PCR 
system (StepOnePlus, Applied Biosystems, Foster City, CA, USA) with amplification from synthesized cDNAs. 
The primers were as follows: GAPDH forward, 5′-AGGGCTGCTTTTAACTCTGGT-3′; GAPDH reverse, 
5′-CCCCACTTGATTTTGGAGGGA-3′; IL-6 forward, 5′-AATTCGGTACATCCTCGACGG-3′; IL-6 reverse, 
5′-GGTTGTTTTCTGCCAGTGCC-3′; IL-8 forward, 5′-GACCACACTGCGCCAACAC-3′; IL-8 reverse, 
5′-CTTCTCCACAACCCTCTGCAC-3′; IL-33 forward, 5′-GTGACGGTGTTGATGGTAAGAT-3′, IL-33 reverse, 
5′-AGCTCCACAGAGTGTTCCTTG-3′; TSLP forward, 5′-ATGTTCGCCATGAAAACTAAGGC-3′; TSLP 
reverse, 5′-GCGACGCCACAATCCTTGTA-3′; CD93 forward, 5′-GCTGTTGCTCTTATCTGCAAGGTG-3′; 
CD93 reverse, 5′-AGCAAGCCTTTGCAGGGATCTA-3′. The concentrations of IL-6, IL-8, IL-33, TSLP, and 
CD93 in culture supernatants were assessed by enzyme-linked immunosorbent assays (IL-6, IL-8, IL-33, TSLP 
kits by R&D Systems, San Diego, CA, USA; CD93 kit by Affymetrix eBioscience, Vienna, Austria) according to 
the manufacturer instructions. The detection range for CD93 was 3.3–400 ng/mL. All samples were assessed in 
duplicate.
Establishment of the HDM-induced asthma murine model. We already generated OVA-induced 
asthma model, and confirmed significant roles of sCD93 in OVA-induced asthma model15. However, in this 
study, We generated an HDM-induced asthma model using female BALB/c mice (5 weeks old; Orient, Daejeon, 
Korea) to match the design to that of cell experiment. The mice were maintained in a conventional animal facility 
under pathogen-free conditions, and then intranasally administered 30 μg of HDM crude extract (1 mg/mL) 
two times per week for 6 weeks. The control group was treated in the same manner, but with the same volume 
of saline. On days 35, 37, and 39, dexamethasone (3 mg/kg) or vehicle was administered by gavage to reverse 
the allergic inflammation induced by HDM inoculation. All mice were sacrificed after the last treatment on day 
39. The number of mice in each group was 5. All experimental procedures of mice studies were approved by the 
Institutional Animal Care and Use Committee, Animal Research Ethics Board of Yonsei University (Seoul, Korea) 
(IACUC approval number, 2015–0314) and were performed in accordance with the Committee’s guidelines and 
regulations for animal care (Fig. 1).
After treatment, the lungs were resected and homogenized using a tissue homogenizer (Biospec Products, 
Bartlesville, OK, USA) in lysis buffer and protease inhibitor solution (Sigma-Aldrich, St Louis, MO, USA) 
Figure 1. Overview of the study design. HDM: house dust mite, IN: intranasal inoculation, OG: oral gavage, 
ICS: inhaled corticosteroid.
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according to a previous study15,20. IL-4, IL-13, IL-5, IL-33, TSLP, IL-6, and CD93 levels in the lung homogenates 
and the CD93 level in serum were assessed by enzyme-linked immunosorbent assays as described above.
The histopathologic studies were conducted according to a previous study15,20. The lung sections were cut and 
stained with H&E, periodic acid–Schiff (PAS), and Masson’s trichrome (MT). For immunohistochemistry, the 
slides were deparaffinized and incubated with anti-CD93 antibody (ab198854, Abcam, Cambridge, MA, USA). 
After washing in phosphate-buffered saline, the slides were treated with goat anti-rabbit IgG H&L (ab150077, 
Abcam) and incubated. The slides were counterstained with hematoxylin and mounted using mounting medium.
CD93 levels in asthma patients. We conducted post-hoc analysis using data obtained from our previous 
study approved by institutional review board of Yonsei university college of medicine (approval number, 4-2013-
0397)14. Informed consent was obtained from all the subjects. All methods were carried out in accordance with 
relevant guidelines and regulations. According to the original study, subjects who were in exacerbated status of 
underlying allergic disease including asthma, in immunotherapy, have activated status of another inflammatory 
disease, and have severe cutaneous adverse drug reactions were excluded14. We selected and enrolled 96 ICS-naïve 
subjects who were admitted to the Allergy Asthma Center of the Severance Hospital in Seoul, Korea from May 
2014 to September 2015. Asthma was diagnosed by an allergy specialist based on clinical guidelines using a 
bronchodilator test and/or bronchial provocation test21. Twenty-eight subjects were finally diagnosed as having 
asthma, and the others served as the control group (Fig. 1). The serum CD93 level was assessed by enzyme-linked 
immunosorbent assays as described above.
Statistical analysis. The two-sample t-test (independent sample t-test) and analysis of variance followed 
by a post-hoc Bonferroni test were conducted to compare continuous variables among the subgroups. After 
Figure 2. Changes of IL-6 (A), IL-8 (B), IL-33 (C), TSLP (D), and CD93 (E) mRNA expression levels according 
to the treated Der p 1 concentration in BEAS-2B cells, and changes of TSLP (F), IL-33 (G), and CD93 (H) 
mRNA expression levels according to the time of treatment with 0.1 μg of Der p 1 in BEAS-2B cells. *P < 0.05.
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adjustment for age and sex, receiver-operator characteristic (ROC) analysis was conducted to obtain the area 
under the curve (AUC), sensitivity, and specificity of the serum CD93 level to diagnose asthma. A P value less 
than 0.05 was considered statistically significant.
Results
Changes of mRNA expression after HDM stimulation in vitro. HDM was treated with various con-
centrations of Der p 1 (0, 0.01, 0.1, 1.0 μg/mL) for 1 hour in BEAS-2B cell. The mRNA expression of IL-6, IL-8, 
IL-33, TSLP, and CD93 was steadily increased according to the increase of Der p 1 concentration. (Fig. 2A–E). We 
further treated the BEAS-2B cells with 0.1 μg/mL of Der p 1 for various times to induce a significant increase in 
the mRNA expression levels. The mRNA expression levels of TSLP, IL-33, and CD93 significantly increased after 
1 h and then sharply decreased to the baseline level at 2 and 4 h after HDM treatment (Fig. 2F–H).
Changes of cytokine levels after dexamethasone or CD93 siRNA treatment. After treatment with 
0.1 μg/mL of Der p 1, the CD93 level in the culture supernatants steadily increased with time and then signifi-
cantly decreased with dexamethasone treatment (Fig. 3A). CD93 silencing induced a significantly decreased level 
of CD93 in culture supernatants to the same degree observed with dexamethasone (Fig. 3B).
The level of IL-6 in the culture supernatants significantly increased after 1 h and then decreased at 2, 4, and 
24 h after HDM stimulation. However, treatment with CD93 siRNA led to a steady increase in the IL-6 level after 
24 h (Fig. 3C). The level of TSLP in culture supernatants significantly decreased with time; however, siRNA treat-
ment increased the TSLP level over time (Fig. 3D). The level of IL-33 steadily increased with time, and siRNA 
treatment did not significantly affect this trend (Fig. 3E).
Successful establishment of the HDM-induced asthma mouse model. HDM led to significant air-
way hyperresponsiveness in the mice, which was fully restored by dexamethasone treatment (Fig. 4A). IL-4, IL-13, 
IL-5, IL-33, TSLP, and IL-6 levels in the lung homogenates were significantly increased in the HDM group than 
in the control group, while dexamethasone significantly reversed this cytokine induction (Fig. 4B–G). However, 
the CD93 level in the lung homogenates was significantly decreased in the HDM group compared to that in 
the control group. The dexamethasone-treated group showed a significantly higher level of CD93 in the lung 
homogenates than the HDM group (Fig. 4H). By contrast, the CD93 level in the serum was significantly increased 
in the HDM group compared to that in the control group; this was fully recovered in the dexamethasone-treated 
group (Fig. 4I).
Histology and immunohistochemistry of CD93 in the HDM-induced asthma mouse 
model. Histological findings showed abundant infiltration of inflammatory cells (Fig. 5A–C), extensive pro-
liferation of goblet cells (Fig. 5D–F), and extensive fibrosis (Fig. 5G–I) induced by HDM compared to the control 
group, which were all improved by dexamethasone. Immunohistochemical staining revealed decreased CD93 
expression in the bronchial epithelia of the HDM group compared to control group. Although dexamethasone 
restored the CD93 level to some extent, the overall effect was weak (Fig. 5J–L).
Figure 3. Changes of CD93 levels in culture supernatants before and after dexamethasone treatment. (A) 
Changes of CD93 levels in culture supernatants before and after siRNA CD93 treatment. (B) Changes of IL-6 
(C), TSLP (D), and CD93 (E) levels in culture supernatants before and after siRNA CD93 treatment. *P < 0.05.
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Predictive power of the serum sCD93 level for asthma diagnosis. The mean age of enrolled subjects 
was 38.9 years old. Male occupies 41.7%. Among total enrolled subjects, 28 subjects were finally diagnosed as 
asthma. Age, sex, smoking history, prevalence of allergic rhinitis, and use of intranasal steroid were not signif-
icantly different according to the group (Supplementary Table 1). The serum sCD93 level in ICS-naïve asthma 
patients (155.3 ± 9.1 μg/mL) was significantly (P < 0.001) higher than that in the control group (112.2 ± 3.7 μg/m) 
(Fig. 6A). After adjusting for age and sex, a higher level of CD93 (≥138.5 μg/mL) was found to predict asthma 
with moderate sensitivity (71.4%) and specificity (82.4%) (AUC = 0.787, P < 0.001) (Fig. 6B).
Figure 4. Airway hyperresponsiveness (A); IL-4 (B), IL-13 (C), IL-5 (D), IL-33 (E), TSLP (F), IL-6 (G), and 
CD93 (H) levels in lung homogenates; and the CD93 level in serum (I) among groups in an HDM-induced 
asthma mouse model. *P < 0.05.
Figure 5. Pathologic analysis assessed by H&E (A–C), periodic acid-Schiff (D–F), Masson trichrome (G–I), 
and anti-CD93 antibody staining for immunohistochemistry (J–L) among groups in an HDM-induced asthma 
mouse model.
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Discussion
We demonstrated that allergic asthma is associated with significant changes in CD93 expression and serum lev-
els in both in vitro and in vivo models. In addition, this study suggests that CD93 has potential role to predict 
asthma in humans. Clinicians frequently encounter asthma patients who cannot conduct conventional tests for 
asthma diagnosis or assessment of asthma control for various reasons, including old age, underlying comorbidity, 
decreased lung function, or dyspnea. Since CD93 can be detected in a soluble form in the serum, it can be easily 
and non-invasively measured, highlighting sCD93 as a useful surrogate to diagnose or assess asthma in practical 
clinical settings.
The CD93 mRNA expression and protein levels increased in culture supernatants after HDM stimulation 
in vitro. However, in vivo CD93 expression on the cell surface and in bronchial epithelial cells decreased in the 
HDM-treated group, whereas the serum level increased. This finding is concordant with that of our previous 
study using an OVA-induced asthma model15. We speculate that this difference is due to the release of CD93 from 
the cell surface to the serum upon allergen stimulation. CD93 is a transmembrane glycoprotein expressed on the 
surface of various cell types and can be shed into the serum through cooperation with metalloproteinase7,22. Thus, 
HDM stimulation might initially increase the CD93 mRNA expression level, leading to cleavage of CD93 from 
the cell surface, shedding of CD93 into the serum, and finally, an increase of the CD93 serum level. Although we 
could not directly confirm this hypothesis, the results from both the in vitro and in vivo analyses are consistent 
with this speculation. Nevertheless, the mechanisms by which CD93 sheds from the cell surface to serum warrant 
further investigation.
Silencing of CD93 expression with siRNA decreased the CD93 level in the culture supernatants to the same 
extent as observed with dexamethasone treatment. Dexamethasone is a non-specific anti-immunologic and 
anti-inflammatory agent, that is well-known to reduce the levels of various cytokines23. In contrast to the effects 
of dexamethasone, treatment of CD93 siRNA increased the levels of inflammatory cytokines IL-6 and TSLP in 
culture supernatants. This suggests that IL-6 and TSLP respond earlier than CD93 to an allergen, so that inhibit-
ing CD93 resulted in a further increase of IL-6 and TSLP to compensate for this deficiency. However, IL-33 was 
not affected by inhibition of CD93, suggesting that IL-33 is irrelevant at this stage or is active at a later stage in the 
allergic response than CD93. Although further studies are needed to reveal the specific mechanisms, our results 
suggest that IL-6 and TSLP may mediate CD93-associated inflammation.
Collectively, the cascade of CD93-associated airway inflammation can be summarized as follows based on 
our results (Fig. 7). HDM stimulation induces cytokine production at the mRNA and protein levels, especially 
IL-6 and TSLP. This stimulation causes CD93 expressed in bronchial epithelial cells to be shed to the serum in a 
soluble form. Therefore, CD93 will be detectable in the serum under allergic stimulation. Although further stud-
ies are needed to confirm this hypothesis firmly, all the data obtained in this study point in the same direction: 
CD93 responds to allergic stimulation. Given the insufficient and conflicting data concerning the role of CD93 
Figure 6. Significant difference of serum CD93 levels in control and asthma patients (A). Receiver operating 
characteristic curve of CD93 to predict asthma (B). *P < 0.05.
Figure 7. Summarized scheme of the possible mechanism.
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in allergic stimulation, this study provides a promising foundation for further detailed investigations on the roles 
of CD93 in allergic asthma.
Moreover, we demonstrated that HDM induces changes in CD93 in vitro, and we were able to determine the 
optimal concentration and timing of HDM (0.1 μg/mL of Der p 1) to induce significant changes of CD93 levels 
in BEAS-2B cell and U937 cell, along with cytokines and other related genes. These results are similar with previ-
ous studies concerning other cytokines24,25. Previous study said that HDM can stimulate U937 cell via IL-13Rα2 
receptor16. Therefore, this model can serve as a useful tool for further detailed in vitro analyses to better under-
stand the mechanisms of HDM-induced asthma.
The serum CD93 level showed moderate predictive power (sensitivity, 71.4%; specificity, 82.4%) for asthma 
diagnosis in human subjects. Previous studies have revealed that the serum CD93 level is significantly higher 
in patients with exacerbated asthma compared to those with stable asthma13,14. In addition, the serum CD93 
level was significantly associated with the ICS dose14. However, this is the first study to reveal diagnostic power 
of CD93for asthma diagnosis. In addition, this moderate predictive power is comparable to that of previously 
studied biomarkers, including serum periostin and fractional exhaled nitric oxide26,27. Because of small number 
of asthma subjects (n = 28), we could not find significant correlation of level of CD93 with lung function or level 
of eosinophil.
However, there are some limitations of this study that should be mentioned. First, we could not firmly confirm 
the detailed mechanism by which CD93 affects allergic inflammation. Further studies focusing on IL-6, TSLP, and 
CD93 are needed to reveal this mechanism. Blocking IL-6 and TSLP might be the next step of this study. Second, 
treatment of an CD93 inhibitor in vivo would be useful to confirm the hypothesis. Third, more controlled human 
studies with abundant number of subjects will be needed to validate the clinical utility since we were only able 
to conduct a retrospective post-hoc analysis with limited number of subjects. Last, endotoxin which is naturally 
included in HDM might affect the response of bronchial epithelial and mouse experiment.
The incidence of asthma is increasing worldwide, but there are still limited serologic biomarkers available28,29. 
We showed that CD93 is significantly associated with allergic inflammation using both in vitro and in vivo mod-
els, and the predictive power of CD93 for asthma diagnosis was modest. Importantly, the serum soluble CD93 
level can be measured easily, which would be a benefit for patients and clinicians to detect asthma.
Received: 7 May 2019; Accepted: 23 December 2019;
Published: xx xx xxxx
References
 1. Reddel, H. K. et al. A summary of the new GINA strategy: a roadmap to asthma control. Eur. Respir. J. 46, 622–639, https://doi.
org/10.1183/13993003.00853-2015 (2015).
 2. Kim, S. R., Lee, Y. C., Sung, M. J. & Bae, H. W. Current Epidemiological Data on Asthma Management in South Korea from 
Qualitative Assessment of Asthma Management by Health Insurance Review and Assessment Service (HIRA). Tuberc. Respir. Dis. 
(Seoul.) 80, 221–225, https://doi.org/10.4046/trd.2017.80.3.221 (2017).
 3. Semprini, R. et al. Change in biomarkers of type-2 inflammation following severe exacerbations of asthma. Thorax, https://doi.
org/10.1136/thoraxjnl-2018-211657 (2018).
 4. Shirai, T. et al. Combined Assessment of Serum Periostin and YKL-40 May Identify Asthma-COPD Overlap. J. Allergy Clin. 
Immunol. Pract. https://doi.org/10.1016/j.jaip.2018.06.015 (2018).
 5. Lovik, G. et al. Characterization and molecular cloning of rat C1qRp, a receptor on NK cells. Eur J Immunol 30, 3355–3362, 
10.1002/1521-4141(2000012)30:12<3355::AID-IMMU3355>3.0.CO;2-1 (2000).
 6. Greenlee-Wacker, M. C., Galvan, M. D. & Bohlson, S. S. CD93: recent advances and implications in disease. Curr. Drug. Targets 13, 
411–420 (2012).
 7. Bohlson, S. S., Silva, R., Fonseca, M. I. & Tenner, A. J. CD93 is rapidly shed from the surface of human myeloid cells and the soluble 
form is detected in human plasma. J. Immunol. 175, 1239–1247 (2005).
 8. Greenlee, M. C., Sullivan, S. A. & Bohlson, S. S. CD93 and related family members: their role in innate immunity. Curr. Drug. Targets 
9, 130–138 (2008).
 9. Kao, Y. C. et al. The epidermal growth factor-like domain of CD93 is a potent angiogenic factor. PLoS One 7, e51647, https://doi.
org/10.1371/journal.pone.0051647 (2012).
 10. Lugano, R. et al. CD93 promotes beta1 integrin activation and fibronectin fibrillogenesis during tumor angiogenesis. J. Clin. Invest. 
128, 3280–3297, https://doi.org/10.1172/JCI97459 (2018).
 11. Bao, L. et al. Elevated expression of CD93 promotes angiogenesis and tumor growth in nasopharyngeal carcinoma. Biochem. 
Biophys. Res. Commun. 476, 467–474, https://doi.org/10.1016/j.bbrc.2016.05.146 (2016).
 12. Raedler, D. et al. Identification of novel immune phenotypes for allergic and nonallergic childhood asthma. J. Allergy Clin. Immunol. 
135, 81–91, https://doi.org/10.1016/j.jaci.2014.07.046 (2015).
 13. Sigari, N., Jalili, A., Mahdawi, L., Ghaderi, E. & Shilan, M. Soluble CD93 as a Novel Biomarker in Asthma Exacerbation. Allergy 
Asthma Immunol. Res. 8, 461–465, https://doi.org/10.4168/aair.2016.8.5.461 (2016).
 14. Park, H. J. et al. Soluble CD93 in Serum as a Marker of Allergic Inflammation. Yonsei Med. J. 58, 598–603, https://doi.org/10.3349/
ymj.2017.58.3.598 (2017).
 15. Park, H. J. et al. Potential of serum soluble CD93 as a biomarker for asthma in an ovalbumin-induced asthma murine model. 
Biomarkers 23, 446–452, https://doi.org/10.1080/1354750X.2018.1443510 (2018).
 16. Daines, M. O. et al. Allergen-dependent solubilization of IL-13 receptor alpha2 reveals a novel mechanism to regulate allergy. J. 
Allergy Clin. Immunol. 119, 375–383, https://doi.org/10.1016/j.jaci.2006.09.039 (2007).
 17. Lee, J. S., Kim, I. S., Ryu, J. S. & Yun, C. Y. House dust mite, Dermatophagoides pteronissinus increases expression of MCP-1, IL-6, 
and IL-8 in human monocytic THP-1 cells. Cytokine 42, 365–371, https://doi.org/10.1016/j.cyto.2008.03.010 (2008).
 18. Jeong, K. Y. et al. Standardization of house dust mite extracts in Korea. Allergy Asthma Immunol. Res. 4, 346–350, https://doi.
org/10.4168/aair.2012.4.6.346 (2012).
 19. Kim, Y. S., Park, J. S., Jee, Y. K. & Lee, K. Y. Dexamethasone inhibits TRAIL- and anti-cancer drugs-induced cell death in A549 cells 
through inducing NF-kappaB-independent cIAP2 expression. Cancer Res. Treat. 36, 330–337, https://doi.org/10.4143/
crt.2004.36.5.330 (2004).
 20. Lee, J. H. et al. A novel human anti-VCAM-1 monoclonal antibody ameliorates airway inflammation and remodelling. J. Cell Mol. 
Med. 17, 1271–1281, https://doi.org/10.1111/jcmm.12102 (2013).
8Scientific RepoRtS |          (2020) 10:323  | https://doi.org/10.1038/s41598-019-57176-2
www.nature.com/scientificreportswww.nature.com/scientificreports/
 21. Boulet, L. P., FitzGerald, J. M. & Reddel, H. K. The revised 2014 GINA strategy report: opportunities for change. Curr. Opin. Pulm. 
Med. 21, 1–7, https://doi.org/10.1097/MCP.0000000000000125 (2015).
 22. Turk, B. E., Huang, L. L., Piro, E. T. & Cantley, L. C. Determination of protease cleavage site motifs using mixture-based oriented 
peptide libraries. Nat. Biotechnol. 19, 661–667, https://doi.org/10.1038/90273 (2001).
 23. Zurier, R. B. & Weissman, G. Anti-immunologic and anti-inflammatory effects of steroid therapy. Med. Clin. North. Am. 57, 
1295–1307 (1973).
 24. Chan, T. K. et al. House dust mite-induced asthma causes oxidative damage and DNA double-strand breaks in the lungs. J. Allergy 
Clin. Immunol. 138, 84–96 e81, https://doi.org/10.1016/j.jaci.2016.02.017 (2016).
 25. Chan, T. K., Tan, W. S. D., Peh, H. Y. & Wong, W. S. F. Aeroallergens Induce Reactive Oxygen Species Production and DNA Damage 
and Dampen Antioxidant Responses in Bronchial Epithelial Cells. J. Immunol. 199, 39–47, https://doi.org/10.4049/
jimmunol.1600657 (2017).
 26. Emprm, V., Rajanandh, M. G. & Nageswari, A. D. Periostin - A Novel Systemic Biomarker for Eosinophilic Airway Inflammation: 
A Case Control Study. J. Clin. Diagn. Res. 10, OC01–04, https://doi.org/10.7860/JCDR/2016/14553.7166 (2016).
 27. Tang, S., Xie, Y., Yuan, C., Sun, X. & Cui, Y. Fractional Exhaled Nitric Oxide for the Diagnosis of Childhood Asthma: a Systematic 
Review and Meta-analysis. Clin Rev Allergy Immunol, https://doi.org/10.1007/s12016-016-8573-4 (2016).
 28. Seo, S., Kim, D., Paul, C., Yoo, Y. & Choung, J. T. Exploring Household-level Risk Factors for Self-reported Prevalence of Allergic 
Diseases Among Low-income Households in Seoul, Korea. Allergy Asthma Immunol. Res. 6, 421–427, https://doi.org/10.4168/
aair.2014.6.5.421 (2014).
 29. Pearce, N. et al. Worldwide trends in the prevalence of asthma symptoms: phase III of the International Study of Asthma and 
Allergies in Childhood (ISAAC). Thorax 62, 758–766, https://doi.org/10.1136/thx.2006.070169 (2007).
Acknowledgements
This work was supported by the National Research Foundation of Korea (NRF) grant, funded by the Korean 
government (Ministry of Science, ICT & Future Planning) [grant no. 2015R1C1A1A02036533]. The authors 
thank MID (Medical Illustration & Design) for providing excellent support with medical illustration. MID 
(Medical Illustration & Design) drew the Figure 7 in this Paper.
Author contributions
H.J.P. contributed to the conception and design of this study; analyzed and interpreted the data; drafted 
manuscript. E.-Y.O., H.-J.H., K.H.P., K.-Y.J. and J.-W.P. conducted experimental protocol, generated and 
interpreted the data. J.-H.L. provided constructive criticism on the concept and design of this study, as 
corresponding author; interpreted the data, and drafted and revised the article. All authors contributed to drafted, 
revised the article, and approved the final version of the article for publication.
Competing interests
The authors declare no competing interests.
Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-57176-2.
Correspondence and requests for materials should be addressed to J.-H.L.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2020
